The configuration of earthquake belts around Australia provides a wealth of events at suitable distances to be used as probes into the seismic structure of the upper mantle. The few permanent seismic stations have been supplemented with extensive deployments of portable broadband stations for periods of a few months at each site. The broadband records have been used in a variety of studies of three-dimensional (3D) structure.
INTRODUCTION
Seismological studies of the Australian Continent and its surroundings depend on results from portable instruments because there are only a few permanent stations with high-fidelity recording of ground motion. Fortunately, the level of regional seismicity through the earthquake belts to the north and east of Australia is high, and there are sporadic earthquakes on the mid-ocean ridges to the south. Good coverage of wave paths at regional distances can be achieved with a few months of recording at a portable station with broadband seismometers. However, the distribution of events at greater distances is not so favourable, and longer Lithospheric structure in the Australian region -a synthesis of surface wave and body wave studies
Since 1993, the Australian National University has conducted a set of deployments of broadband seismic instruments across the continent with station spacings varying from 400 to 25 km. The locations of these sites are shown in Figure 1 , superimposed on a generalized representation of the geology of Australia. An extensive set of portable stations has been deployed, starting with the Skippy experiment that provided reconnaissance coverage of the whole continent in [1993] [1994] [1995] [1996] . Subsequently, a number of more regional deployments have been made, e.g., in the Kimberley in 1997 , southeast Australia in 1999 , Western Australia in 2000 -2001 and Tasmania in 2001 -2002 . Additional stations were deployed in western Australia in [2002] [2003] , but the coverage of the desert regions has been limited by complex logistics. Currently, 20 stations have been deployed around the expected location of the "Tasman Line" (see, e.g., Direen and Crawford, 2003) to try to refine knowledge of the transition from Precambrian to Phanerozoic Australia in both the crust and the mantle.
Data from over 120 such sites has now been used in tomographic studies of the 3D seismic structure of the continent, using both seismic surface waves and body waves. The high-fidelity recordings of the three orthogonal components of ground motion can be exploited for a wide range of different studies that make use of various parts of the seismogram with different frequency filtering. The broad scale pattern of 3D variations in shear wavespeed can be extracted from the seismic surface waves, which represent the large amplitude contribution in the later part of the seismogram. These waves travel nearly horizontally and their properties depend on the structures through which they have passed. In contrast, the higher-frequency body wave arrivals are refracted back from the variations in structure in the mantle and are particularly sensitive to discontinuities in structure.
Observations out to 3000 km provide coverage of the structures down through the transition zone to around 900 km and for the region below northern Australia, the combination of short-period and broadband observations has provided detailed information on both P and S wavespeeds and attenuation structure (see, e.g., Kennett, 2003) .
SURFACE WAVE TOMOGRAPHY
The extraction of information on 3D shear wavespeed structure from surface waves proceeds in two main steps. Firstly, a pathspecific model is found by matching the characteristics of segments of the observed seismograms with theoretical results. Both the fundamental and higher mode Rayleigh waves on the vertical component are exploited in the frequency band from 0.007 to 0.02 Hz. The seismogram matching requires a good knowledge of the event location and the source mechanism, and is most effective for events with magnitude greater than 5.4 for which reliable centroid moment-tensor solutions are available. Different methods can be used to find a suitable model. The studies of Zielhuis and van der Hilst (1996) , van der Hilst et al. (1998), and Simons et al. (1999) used the Partitioned Waveform Inversion method of Nolet (1990) , in which a linearised inversion scheme is used to provide a direct match between observed and theoretical seismograms with suitable filtering. An alternative is to use secondary variables derived from the seismograms (Cara and Lévêque, 1987) , which allows a greater domain of linear dependence on wavespeed parameters, and hence less effort needs to be expended to get a good starting model for the path. This style of approach was used by Kennett (2001, 2003) to find models for the variation of both the wavespeed and azimuthal anisotropy for shear waves. In this study, we have extended the scheme to employ multiple starting models for each path and the consistency between the results from different inversions is used as a measure of the reliability of the wavespeed profile with depth.
The second stage of the surface wave tomography is to use the assembly of path constraints to build a 3D model. The pathspecific models represent 1D averages along the paths and this can be exploited to invert for 3D structure either directly, or through the intermediary of phase velocity maps as a function of frequency (Kennett and Yoshizawa, 2003; Yoshizawa and Kennett, 2004) . The latter approach allows corrections to be introduced for deviations of propagation paths from the great circle between source and receiver.
The present images of the shear wavespeed have been obtained by using a B-spline representation of the velocity variation at each depth. The inversion proceeds with an initial pass to retrieve large-scale structure with an 8-degree knot spacing, and then the knot spacing is refined to allow the introduction of smaller scale structure.
Nearly 2000 paths have been used in the current model, with as many as possible taken from the portable stations to achieve as comprehensive a distribution of crossing paths as possible and thereby obtain good resolution of structure. The distribution of sources and recorders is shown in Figure 2 (a), and the path density for the tomographic inversion is displayed in Figure   2 (b). The distribution of earthquake sources and available data means that some regions are more densely sampled, but across the continent we have as good coverage with crossing paths as is needed for reliable tomographic results. In the earlier stages of the surface wave studies the 3D models changed markedly as new data were added as there was a major effect on path constraints. Now, however, the current results are robust over the continent. Nevertheless sampling in the oceanic regions to the south is still somewhat limited and further refinement can be expected in this area once new events are captured. Figure 3 shows the distribution of shear wavespeed as a function of depth at 50 km intervals, displayed as deviations from the continental reference model ak135 (Kennett et al., 1995) . The S wavespeed in the mantle for model ak135 increases slowly with depth from 4.49 km/s at 75 km depth to 4.55 km/s at 225 km, and there is no zone of lowered seismic wavespeeds. Shear wavespeeds lower than the ak135 values can readily be produced by the influence of increased temperature, but very fast wavespeeds associated with the cratonic elements are likely to require some chemical or textural component. Note that earlier work Simons et al., 1999; Debayle and Kennett, 2000) has used a variety of different reference models. The advantage of ak135 is that it provides a common reference for both surface wave and body wave studies.
The inversion for the image of shear wavespeed structure has been carried out in a way that emphasises contrasts in velocity structure and so reveals structural trends, but probably overestimates the range in seismic wavespeeds. We have employed The images of mantle shear wavespeed structure start at 75 km depth ( Figure 3a ) to minimise any influence from crustal structure, particularly from the zones of rather thick crust in the North Australian Craton and in southeast Australia (Clitheroe et al., 2000a) . The maximum sensitivity of the Rayleigh waves at 50 s period (0.02 Hz) is located below the crust at 75 km depth, so that the surface-wave portion of the seismograms provides a dataset primarily sensitive to upper mantle structure. The deviations of shear wavespeed from the reference model are substantial, with higher wavespeeds generally in central and west Australia compared to the eastern margin of the continent.
At 75 km depth the pattern of seismic velocities is quite complex. There are zones of slower wavespeed in central Australia, in the regions affected by the Alice Springs orogeny (~300 Ma), surrounded by faster S velocities. Most of western Australia has fast shear wavespeeds with the fastest velocities reached beneath the Capricorn orogen separating the Pilbara and Yilgarn cratons. The slower wavespeeds in the southwest of Australia at 75 km depth appear to correlate with the presence of a distinct gneissic terrane within the Yilgarn craton, also seen in receiver function studies .
On the eastern margin of the continent, the shear wavespeeds are much lower than in central Australia and there is a fairly close correspondence with the regions with recent volcanism in the Newer Volcanics Province of Victoria and South Australia, extending into Bass Strait, and in the Atherton region of northern Queensland. The presence of the Lord Howe Rise is indicated by shear wavespeeds somewhat faster than its surroundings.
The pattern of wavespeeds in the mantle changes sharply by 125 km depth, and now the centre and west of the Australian continent are uniformly fast. The transition in central Australia, with depth, from modestly slow to fast wavespeeds is comparable to the available vertical resolution, and suggests a very rapid transition in material properties, rather than a change in thermal regime. At this depth the transition from elevated to lowered wavespeeds relative to the ak135 reference model extends to the east of the outcrop of Precambrian rocks, and so differs from most recent versions of the "Tasman Line" (Direen and Crawford, 2003; Kennett et al., 2004) . The Phanerozoic belt in eastern Australia has a thin zone of high wavespeeds in the lithosphere extending to about 100 km, and beneath this there is a zone of lowered wavespeed which extends along most of the east coast of Australia, as seen in Figures 3(b) and 3(c). The low seismic wavespeeds extend to the east beneath the Tasman Sea, where sea floor spreading ceased at about 80 Ma. The somewhat faster structures in the Tasman Sea region are associated with the region of new oceanic material created in the period of sea floor spreading.
By 175 km depth ( Figure 3c ) the region of faster shear wavespeeds is concentrated to the west of 140°E. Within this zone there are clear indications of substructure in the sub-cratonic lithosphere, such as the two distinct patches of fast wavespeed beneath the Yilgarn Craton. In the east, the zone of strongly lowered seismic velocities beneath the eastern margin of Australia and the Tasman Sea continues and is most likely associated with increased temperatures.
The general level of wavespeed contrast is significantly reduced at 225 km depth, Figure 3 (d), for both fast and slow velocities. Nevertheless, there is still a distinct contrast in seismic wavespeeds across the continent, with a sharp gradient in seismic wavespeeds close to 140°E. There is only a small displacement from the corresponding transition at 175 km depth, so that the edge of the fast wavespeeds must have a relatively steep dip. High wavespeeds persist to at least 225 km over much of the cratonic region, notably beneath the Proterozoic North Australian Craton and in the Archaean Yilgarn. However, at greater depth new trends in faster wavespeed structure appear, e.g., a roughly eastwest feature along the southern coast of Australia is present below 250 km. It is therefore difficult to define a clear base to the cratonic lithosphere from these surface wave results.
Regions such as the Kimberley Block in northwestern Australia appear to maintain a distinct character compared with their surroundings to significant depth. This suggests that the lithosphere is able to retain its character over very long periods of time and that there is the potential for using the nature of the seismic images to gain insight into the way the lithosphere might have been assembled.
As is apparent from Figure 3 , the major change in mantle structure below 150 km depth occurs on an approximately northsouth trend close to 140°E. To the west of this line the higher velocities extend coherently to 200 km or below, whilst to the east the area of elevated wavespeed hardly extends below 150 km, with a further step to thinner lithosphere along the eastern margin. It is possible that this set of transitions reflects the accretion of a continental block to the original core of Australia before the prominent Palaeozoic subduction events in the Lachlan Fold belt. There is no simple relation between the structures in the mantle and the conventional Tasman Line that represents the eastern limit of surface exposure of Precambrian material . Figure 3 shows the variation in seismic wavespeeds with no allowance for possible anisotropy and thus directional dependence of the speed of propagation of the Rayleigh surface waves. If sufficient crossing paths pass through a specific patch, we can use the variations in wavespeed as a function of direction of travel to extract estimates of the azimuthal anisotropy in shear wavespeed, using an approximation based on near horizontal propagation of shear energy that is well satisfied by the fundamental mode contribution. To secure adequate data sampling we employ a 4-degree knot spacing in the inversion for azimuthal anisotropy and thereby confine attention to the longer spatial wavelengths in the seismic structure.
The results of our inversion displayed in Figure 4 confirm the earlier studies of Kennett (2000, 2003) that had more restricted path coverage. The pattern of azimuthal anisotropy across the continent shows a distinct change from a strong east-west component at around 100 km depth, likely to be due to "frozen" stress patterns, to a near north-south orientation at 200 km (close to the direction of absolute plate motion). This change in the direction of the fast axis of the azimuthal anisotropy with depth, within the zone of faster wavespeeds, appears to be confined to the Australian continent. The change may well be a consequence of Australia's rapid motion northwards (approximately 7 cm/yr) imposing strains on the base of the lithosphere that induce orientation of mineral assemblages.
BODY WAVE STUDIES
Body wave studies exploit a higher frequency component of the observed seismograms and provide information on both the P and S wavespeed distributions. Observations out to 3000 km from the source exploit the refracted waves turned back by the structure in the upper mantle. These refracted waves sample through the whole upper mantle and transition zone, and have their maximum sensitivity to velocity structure near their turning point (close to the mid point of the path from source to receiver, for shallow sources). Stations in southern Australia are commonly too far away from the subduction zone sources to provide constraints on upper mantle structure and consequently much of the control is on structure beneath northern Australia.
The travel times of body waves for ranges less than 2000 km provide an independent check on the nature of lithospheric structure and indicate the need for much larger variability in S wavespeed than for P waves -the ratio is approximately a factor of 3 (Kaiho and Kennett, 2000) . The northern Australian craton shows very high S wavespeeds with a rather sharp transition to slower paths occurring within the Cape York Peninsula. A useful comparison with the results from surface wave analysis is provided by displaying the traveltime residuals from the ak135 reference model plotted along the path from source to receiver. The variations in the S wavespeed residuals are displayed in Figure  5 (a), using the same colour convention as in Figures 3 and 4 , with cyan tones fast and reddish tones slow. The range of residuals is very large, varying from 18 s fast in the west in the cratonic regions and up to 12 s slow in the east across the Tasman Sea. This is a very large range of traveltime residuals, but is compatible with the level of shear wavespeed variations found in the surface wave tomography.
Because we use the same reference model for both the body wave and surface wave studies, we can make a direct comparison between Figure 3 (a) and Figure 5 and can see a close correspondence between the travel time residuals for short paths and the shear wavespeed pattern at 75 km depth. In particular, the lowered wavespeeds in central Australia correspond to slow paths from the earthquakes near Tennant Creek (but without strong attenuation as can be seen from Figure 5b ). The longer paths in Figure 5 (a) sample structures at greater depth; the fast paths from southern ocean events into Western Australia relate to depths around 150 km depth. To avoid clutter we have not included longer paths for Tennant Creek events recorded at Western Australian stations, but the arrivals there are quite fast. This is consistent with a rapid transition in depth under central Australia from slower to faster wavespeeds (as indicated in Figure 3a ,b).
The regions of high seismic wavespeed beneath the cratons show very little seismic attenuation, but there needs to be a sharp change at depth since S waves which penetrate into the asthenosphere rapidly lose high-frequency energy (Gudmundsson et al., 1994) . The cratonic lithosphere is thus underlain by a zone of slightly lower S wavespeeds and significant attenuation. The areas of lower seismic wavespeed in the east of Australia are accompanied by enhanced attenuation with a noticeable frequency dependence (cf. Figure 5b) .
The full set of refracted body waves from the events in the earthquake belts to the north and east of Australia have been used to look at upper mantle structure down to more than 800 km depth, using record sections of broadband seismograms to derive 1D models for different corridors across the Australian continent. The set of models can then be exploited to provide an independent estimate of the 3D wavespeed distribution for both P and S waves (Kaiho and Kennett, 2000) , based on the sensitivity to structure at the turning point of refracted waves.
The picks for the arrival times for the P and S waves at the portable stations can be combined with the much longer catalogues of arrivals at permanent stations for use in delay time tomography. A fine mesh for the southwest Pacific region is embedded in a coarser representation for the rest of the globe, and an iterative inversion for seismic velocities is undertaken using 3D ray tracing to match observed and predicted passage times (Gorbatov and Kennett, 2003) . In this case, most of the arrivals used impinge on the stations with rather a steep angle of incidence so that the sampling of structure is rather different from the other methods. Nevertheless, the results from this style of tomographic study tie well with both the use of refracted waves alone and the surface wave results for S in the upper part of the mantle, as can be seen from Figure 6 which shows the results of a joint inversion of both P and S arrival time data for the bulk-sound and shear wavespeeds (cf. Gorbatov and Kennett, 2003) . The P wavespeed depends on both the bulk modulus and the shear modulus, and the joint inversion is designed to separate the two components. The bulk-sound speed is simply the wavespeed derived from the bulk modulus alone, and can be directly related to results from experimental mineral physics.
Because body-wave tomography is dominated by waves arriving at steep angles at the stations, the coverage of the continent is more localized than is achieved with the surface waves. In consequence the images include both local rapid variations near stations and some streaks where there is limited crossing of ray paths. Many of the arriving rays have similar angles of incidence and so vertical smearing of velocity structure is likely. The amplitudes of heterogeneity are somewhat lower than for the surface waves, in part because of picking errors, particularly for S waves that arrive on top of the P coda at regional distances. However, there is some compensation from the strong sensitivity of the S wave travel times to variations in S wavespeed. As we can see from Figure  5 , for the shield regions the passage times for the S waves have large departures from the expected values for the ak135 reference model and care needs to be taken with the bounds allowed in the inversion. With these large variations in wavespeed, there is a marked increase in perturbation levels when 3D ray tracing is included to improve the representation of the paths along which seismic energy has travelled. Such 3D ray tracing is also significant for the imaging of subduction zone structure, and as we can see from Figure 6 , the subducted slabs are imaged well with the S waves and are quite distinct at shallow levels in bulk-sound speed.
The joint tomography results shown in Figure 6 show a similar behaviour for shear wavespeed to that found from the surface wave results. However, there are some unexpected features in the bulksound speed distribution. Only the Proterozoic North Australian Craton shows any significant bulk-sound speed signature at 125 km depth, and this persists in a weaker form at 225 km depth. In the Archaean zones of Western Australia, despite the strong shear wavespeed anomalies, there is only a very slight increase in bulksound speed. Beneath the Yilgarn and Pilbara regions the P wave behaviour is almost completely controlled by the shear wavespeed distribution; whereas in the North Australian Craton there are contributions from both bulk-sound and shear wavespeeds to the arrival time anomalies for P. No other aspect of the body wave behaviour appears to have any direct relation to the age of the material exposed at the surface.
The pattern of azimuthal anisotropy in Australia derived from surface waves is striking (Figure 4 ). The observations of shear wave splitting of body wave phases (SK(K)S and PK(K)S), however, show little consistency at or between stations. Results from shear wave splitting analysis performed using the method of Silver and Chan (1991) , together with the global solutions computed for a few stations using a set of events to solve for the splitting parameters (Wolfe and Silver, 1998) , are shown in Figure  7 . The present study extends the preliminary results of Clitheroe and van der Hilst (1998) to a much larger number of stations spanning the whole continent.
Despite the good potential coverage of back azimuth with respect to the useful distance range (i.e., between 85° and 140°), the short time span of recording at most of the portable stations does not allow the recording of many events with large magnitude (>5.5) and good signal-to-noise ratio. The new Tasman Line project with a duration of 2 years may allow the recording of more numerous suitable events.
Because of the limited amount of reliable measurements for each station (i.e., fair or good measurements according to the classification of Barruol et al., 1997) , no direct correlation is seen between the measured orientation of the fast polarisation planes of shear waves (φ, relative to North) and the known superficial structures. This suggests that anisotropy frozen in the lithosphere might not be the main source of anisotropy.
In the Kimberley block however (region #1, Figure 7a ), the directions of anisotropy measured within the framework of the portable experiments (1997) (1998) show various orientations. In the eastern part, the directions are oriented 50-60°, sub-parallel to the structural trend of the Halls Creek orogen, whereas in the western part, the directions are close to 90° and are not obviously related to the structural trend of the King Leopold orogen. However, here only one measurement per station has been considered to be reliable along the King Leopold orogen, and splitting parameters can only be correctly interpreted in the context of a large number of measurements covering a range of back azimuths.
In the southern part of the Yilgarn cratonic block, two main directions of anisotropy are observed around 30°S latitude. The -40/-50° directions of anisotropy observed north of this line may be considered as parallel to the regional network of faults ( Figure  7c, 7d) . South of 30°S latitude, the 45/50° directions measured for φ are very consistent between the different stations ( Figure  7a) . A null measurement is due either to the absence of anisotropy or to an initial polarisation of the incoming shear wave, parallel or perpendicular to the fast anisotropic direction (represented as crosses on Figure 7b , each branch of the cross being parallel to one of the possible fast directions of anisotropy). For stations located in the southern Yilgarn block, if anisotropy is detected, φ would be oriented either 45/50° or -40/45°, which consistent with the direct shear wave splitting results. The null measurements have been performed for a single event, and the strong consistency of the results at different stations extending over several hundred kilometres is remarkable. These directions of anisotropy are, however, not correlated to any tectonic feature.
At the continental scale, the pattern of anisotropy is somewhat variable, and we do not highlight any simple relation between the anisotropy and absolute plate motion (APM). If APM is envisioned as the main source of anisotropy, as suggested by the results obtained from surface waves (at least below 150 km depth), we might consider rather complex deviations of the mantle flow around the numerous cratonic blocks building the continent to reconcile the nearly north-south APM of the Australasian plate with the scattered directions of anisotropy measured at the surface. The results in Figure 3 suggest that the base of the lithosphere may well have a complex form.
On the other hand, the results from permanent stations, with a long span of recording, are essentially null (see Vinnik et al., 1992; Girardin and Farra, 1998, Barruol and Hoffman, 1999; Ozalaybey and Chen, 1999) . It is possible that the changes in azimuthal anisotropic properties revealed by the surface waves lead to very little net splitting for a wave travelling nearly vertically. Because of the different wavelengths of both types of waves, they are not sensitive to the same structures, and the superficial structures of the continent vary at such a short scale that it is not possible to compare both sets of results. The two sets of observations may either emphasise different phenomena, or indicate a much more complex form of anisotropy.
CONCLUSIONS
We have been able to make major progress in understanding the distribution of seismic structure in the mantle beneath the Australian region. The fortunate configuration of seismic sources around the Australian region, coupled with the extensive deployments of high-quality portable stations, means that we have been able to bring a number of different styles of analysis to bear on the structure beneath the region, and to produce an integrated result in a way that has not so far been accomplished for any other continent. As we have seen there is good agreement between the results for the different methods when we take into account their sensitivity to seismic wavespeed structure. The result is that we can have considerable confidence in the main features of the structures in the mantle beneath Australia, and need now to improve our understanding of the causes of these variations.
We have concentrated here on the properties of the mantle lithosphere, but the broadband seismograms can also provide strong constraints on the nature of crustal structure from analysis of the reverberations and conversions accompanying the primary seismic phases by means of receiver function techniques. Clitheroe et al. (2000a,b) presented results across the whole continent for both sedimentary and crustal thickness, based on data from the permanent stations and the Skippy deployment. The subsequent denser deployments in Western Australia have allowed the delineations of changes in the crustal wavespeed distribution and thickness that correlate well with tectonic terranes mapped at the surface .
Surface wave studies of the Australasian region provide broad scale coverage of 3D shear wavespeed structure with good resolution over the continent and most of the Tasman Sea. High seismic wavespeeds extend to depths around 220 km beneath the cratonic regions, and have a relatively abrupt eastern margin that is not simply related to the extent of current Precambrian outcrop. The nature of the 3D variation in seismic structure is confirmed through the results of a range of studies using higher-frequency body waves.
The levels of variation of S wavespeed encountered across the Australian region are large. At 150 km deep the S velocity varies from about 4.9 km/s in the faster parts of the cratonic lithosphere to close to 4.1 km/s in the southern Tasman Sea. Relative to a reference velocity of 4.5 km/s this represents variations from +8% to -8%. Experiments on shear wavespeeds at seismic frequencies indicate that it is possible to achieve substantial reductions in seismic wavespeed and enhanced attenuation as the solidus is approached (Jackson, 2000) . Much of the variation in seismic wavespeed can therefore be expected to have a thermal origin, which fits with the association of anomalies in the mantle with the regions that have undergone Neogene volcanism. However, the exceptionally fast shear wavespeeds in the mantle beneath the Australian Shield are difficult to explain with just a thermal model and suggest that some degree of chemical or grain size variability is required (Faul and Jackson, 2004) .
